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CF Frictional resistance coefficient, RF/ PSV2

CR Residuary resistance coefficient, RR/ SV2

CSD Stud drag coefficient, RSD/12 SV2  -

CT Total resistance coefficient, RT/'2pSV 2

"CTM Difference in the total resistance coefficient between models -

with and without studs

Fn  Froude number

1+k Hughes form factor

L Length L

RF Frictional resistance ML/T2
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RSD Stud drag ML/ T2

RT  Total resistance ML/T2

S Wetted surface L2

V Speed LIT

Water density M/L3

ABBREVIATIONS

DL/SLT Davidson Laboratory of the
Stevens Institute of Technology

DTNSRDC David Taylor Naval Ship Research
and Development Center

SCS Sea Control Ship

USNA United States Naval Academy

I.= lenth, T = time, M = mass
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ABSTRACT

A series of resistance experiments were performed at the David
Taylor Naval Ship R&D Center (DTNSRDC) to determine if the trends
in resistance of a group of small models having somewhat similar

hull forms compare well with the trends in resistance of a group
of large model geosyms. Three variants of the CVV aircraft carrier
were selected for these experiments; the large models represented
a scale ratio of 31.435 (8.34 m), and the small models represented
a scale ratio of 144 (1.82 m). One of the small models, CVV-B,
was evaluated experimentally at Davidson Laboratory of the Stevens
Institute of Technology (DL/SIT) to obtain a comparison with the
small model results at DTNSRDC. The results show that the small model
resistance trends compare well with the large model resistance trends.
The resistance of the small CVV-B model was found to be within one
percent of the corresponding results from DL/SIT.

ADMINISTRATIVE INFORMATION

This Project was authorized and funded by the Office of Naval Technology

Ships, Subs, and Boats Exploratory Development Program under the management

of NAVSEA 03R under Program Element 62543N, Task Area 421-252, Work Unit

Number 1-1506-102-61.

INTRODUCTION

An experimental investigation was undertaken at DTNSRDC to determine if

the trend in resistance change, due to small changes in hull shape, could be

predicted correctly with the use of small size surface ship models.

Large models, sometimes more than 9.1 m(30 ft) in length, are in standard

use at DTNSRDC for ship model experiments. The model hull size is determined

from propulsion experiment requirements. It is our experience that model

propellers smaller than 0.2 m (8 in.) in diameter are inadequate to model full

scale flow conditions. The effect of Reynolds Number is too severe, preventing

accurate full scale powering prediction. Thus, the hull model is built to a

scale ratio that results in a model propeller diameter larger than 0.2 m(8 in).

The resulting model lengths vary from 5.5 m (18 ft) to over 9.1 m (30 ft).

lReferences are listed on page 13.



These hull models are also used for resistance experiments.

Having a large model for resistance experiments has the advantage of obtaining

a more accurate geosym of the full scale hull than with a smaller model, with a

given manufacturing tolerance, and the difficult problem of stimulating turbulence

on the model is also mitigated. The use of large models however, to investigate

the effect of minor changes in hull form on hull resistance is not practical in

terms of time and cost.

The need to provide experimental information on the trend of change in

resistance due to changes in hull shape during the design of a new class of

surface ship often arises. The use of snail models in exploring the resistance

trends with changes in hull form would provide a solution. The investigation

described herein is aimed at exploring the potential use of small models in a

small towing tank for the purpose of predicting resistance trends with small

changes in hull geometry.

Small ship models are used by several ship model basins for resistance

experiments such as the Davidson Laboratory of the Stevens Institute of Technology

(DIL/SIT) and the United States Naval Academy (USNA).

The experience of DL/SIT is adopted in this investigation to explore

the trends in resistance of small models versus large models. The interest here

is not in absolute values obtained, but in trends due to changes in hull form.

The historical data base at DTNSRDC, used in the prediction of full scale

resistance of ship hulls, which includes model-full scale correlations, was

established for large models. Thus, it is not the purpose of this investigation

to establish a (new) small model-to ship correlation, but to investigate the

possibility of using small models to predict trends in resistance. The trends

in the change in small model resistance will be compared with those of standard

(large size) models.
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The CVV aircraft carrier hull form variants were selected for this project

because three 8.34 m (27.36 ft) long CVV models were available from previous

projects. Three 1.82 m (5.97 foot) geosyms of the 8.34 m models were built to

represent the small models. The three CVV hulls are designated as CVV-A, CVV-B,

and CVV-D.

One of the small models, CVV-B, was built and its resistance performance

evaluated experimentally at DL/SIT . This allowed us to compare our results of

the small CVV-B model to the results of the same model from a model basin with

an extensive background in small model experimentation.

The small bare-hull model experiments were performed in the 140 Foot Basin

at DTNSRDC, and the large bare-hull model experiments were performed in the Deep

Water Basin at DTNSRDC. Previous resistance experiments with the large models

were performed with the models fully appended; no previous bare hull resistance

data existed. An additional series of experiments with the small models were

performed in the Deep Water Basin to verify the small model resistance results

from the 140 Foot Basin experiments. However, because of problems with the

small model towing system in the Deep Water Basin, the results are not included

in the main body of this report, but are presented in Appendix A.

The small model experiments were performed using the techniques used by

DL/SIT with the small CVV-B model. This included the method used for turbulence

stimulation, i.e., stud size, location and spacing and the stud drag correction

method.

The results of the resistance experiments and comparisons of the trends in

resistance between the large and small models are presented in this report. The

resistance performance of the small CVV-B model from the experiments performed

at DTNSRDC are compared with the results from DL/SIT. The full scale effective

3



power predictions based on the small model results are compared with the large

model effective power predictions.

EXPERIMENTS

MODELS

The small models, 5385, 5386, and 5387, represent the three CVV design

variants CVV-A, CVV-B, and CVV-D, respectively. These three models are

constructed of wood to a scale ratio of 144, resulting in a model length of

1.82 m (5.97 ft). Models 5385 and 5387 were built at DTNSRDC; Model 5386

was built at DL/SIT. The models have no appendages except for the skeg.

The large models, 5368, 5372, and 5382, also represent the three CVV

design variants CVV-A, CVV-B, and CVV-D, respectively. These three models

are constructed of wood to a scale ratio of 31.435, resulting in a model

length of 8.34 m (27.36 ft). All of the appendages, except for the skeg,

were removed before the experiments.

The principal dimensions of the ships and models are given in Table 1.

The CVV-A models were ballasted to represent a full scale displacement of 63430

t (62430 L. tons), and an even keel draft of 10.36 m (34.0 ft); the CVV-B models

-ere ballasted to represent a full scale displacement of 63430 t (62430 L. tons)

aind an even keel draft of 10.36 m (34.0 ft); and the CVV-D models were ballasted

to represent a full scale displacement of 62970 t (61980 L. tons) and an even keel

draft of 10.55 m (34.6 ft).

The small models were towed using the planing boat towing bracket on loan

from the USNA model basin. This bracket attaches to the model at one point,

and fixes the model in sway, yaw, and roll. The drag measurements were taken

with a 5 pound block gauge. Figure I shows a photograph of the tow bracket

and block gauge fitted in a model.

4



In the 140 Foot Basin, the small models were connected to the carriage by a

braced vertical strut. A number of experiments were performed to improve the

strut bracing system and the number and location of rubber blocks to dampen

vibration. The improvements were Judged by the size of the noise reduction in

the drag signal. The noise in the drag signal was reduced by a factor of three

with the final bracing system from that obtained with the initial set-up.

TUR BULLECE STIMULATION

Turbulence stimulation was required on the small models to obtain turbulent

flow over the hull. Studs were selected for turbulence stimulation because

Db/SIT has indicated that, when studs were used for turbulence stimulation,

the resistance data were more consistent than when either struts or sand strips

were d. Also, the Pb/SIT resistance experiments with the small CVV-B model

were performed using studs for turbulence stimulation. The stud size,

spacing, and longitudinal location used with the small models were based on those

used by DL/SIT with the CVV-B model. The studs, 3.2 mm (0.125 in.) dia by

2.5 mm (0.10 in.) high, were spaced 6.4 mmn (0.25 in.) apart, and 15 mm (0.6 in.)

aft of, and parallel to, the stem. The longitudinal location was selected using

a method by Hughes1 , which uses the entrance half angle to determine the

stud longitudinal location.

The studs not only induce turbulence, but also add a drag component to the

total measured resistance. This stud parasitic drag component must be subtracted

out from the measured resistance to obtain the resistance of the hull alone. The

method of stud parasitic drag correction used by DL/STT in the analysis of the

small CVV-B model assumes that, at higher speeds, the model without studs has

turbulent flow over the entire hull (except in the immediate area of the stem)

5



so that turbulence stimulation is unnecessary. Therefore, the difference in

resistance between the model with and without studs at the high speeds is the

stud parasitic drag.

No turbulence stimulation was used with the large models because it is not

considered necessary with large models; also, none was used in previous

experiments wit!i the large models.

EXPERIMENTAL PROCEDURE

The large and small CVV models were evaluated over a speed range correspond-

ing to 5.1 m/s to 15.4 m/s (10 knots to 30 knots), full scale, or Fn = 0.10 to

0.30. The resistance values were measured using a block gauge. The large model

resistance data was sampled over a period of 5 seconds. The small model

resistance data from the 140 Foot Basin was sampled over a period ranging from 7

to 24 seconds; the longer sampling periods correspond to lower model speeds.

PRESENTATION OF RESULTS

The measured and faired resistance values for the large and small CVV models

re shown in Figures 2 to 12, and the measured resistance values are shown in

Tables 2 to 12. The resistance values for the small CVV-B model from the expert-

.. , at DL/SIT are also included. The resistance curves are faired indirectly

by fairing the residuary resistance coefficient (CR) values, shown in Figures

13 to 19. The CR values are calculated from the total resistance, RT 1,

using the ITTC correlation line.

At the low Froude numbers, there Is noticable scatter in the small model

CR values, especially when the models are not fitted with studs. Because the

models without studs do not have turbulence stimulation, the location of the

transition point at which the flow over the hull changes from laminar to

6



turbulent may vary even though the speed is held constant. Since the frictional

resistance with laminar flow is significantly lower than that for turbulent

flow, a change in the location of the flow transition may result in a

noticable change in the total resistance. The negative CR values for the

unstimulated models are a result of the CR values calculated using the ITTC

model-ship correlation line, which assumes that the flow over the hull is

turbulent; however, because of the amount of laminar flow which existed over

part of the hull, the actual frictional resistance was lower than that given by

the ITTC model-ship correlation line. Thus, the negative values of CR appearing

in Figures 13 through 19 have no physical significance. It should be noted

that, because the resistance data for the models without studs are used only to

determine the stud drag correction, which uses only the resistance data at

higher speeds, the CR scatter and negative CR values at the lower speeds for

the models without studs do not effect the model resistance results. The CR

scatter and negative CR values for the models with studs may be due to insufficient

turbulence stimulation at very low speeds. Another reason for the scatter is

that the resistance values measured are extremely small, and might not be resolved

with sufficient accuracy at the lower speeds.

To assist in the low speed CR fairing, a method presented by Prohaska 2 is

used. The data, replotted as CTM/CFM versus Fn 4 /CFM , are shown in Figures

20 to 26. Prohaska states that over the range of F. = 0.1 to F,= 0.2, a curve

fitted to these points is a relatively straight line for most models. Because

of the way the low speed data are compressed, it is much simpler to fair the

Prohaska plots than to fair the CR plots; therefore, the results from faired

Prohaska curves are used to assist in fairing the CR curves. The CFM values

are from the ITTC model-ship correlation line.

7



An additional benefit of using the Prohaska plots is that the form factor

(l+k) value used in the Hughes 3 method of model-ship extrapolation is easily

obtained. The CTM/CFM value at the intersection of the faired curve with Fn4 /CFMI

- 0.0 is equal to the form factor, l+k.

Curves of total resistance coefficient (CT1 ) versus Froude number for the

small models are shown in Figures 27 to 30. The curves of the difference between

the CTM curves of the small models with and without studs, ACTM, are also

presented in these graphs.

The stud drag coefficient,CSD, is considered to be constant with speed, and is

calculated by averaging the ACT 1 curves at the high Froude number range, where the

difference in resistance between the models fitted with and without studs are

considered to be only due to the drag of the studs. DL/SIT averaged the ACTM!

curve above Fn = 0.2 for the small CVV-B model; however, since the ACTM1

values are not relatively constant until the higher Froude numbers are reached,

in the present work the ACTj curves are averaged above Froude number Fn=0.28,

depending upon the shape of the AC.N curve.

Figure 31 shows the ratio of RTM (DL/SIT) to RTM (140 Foot Basin) versus

Froude number for the small CVV-B model fitted with studs.

To show the relative resistance performance of the models, the full

scale predicted resistance curves were normalized by the average of the full scale

predicted resistance of the models. The average resistance, RTS(AVE) is defined

as:

RTS(AVE) = (RTS(CVV-A) + RTS(CVV-B) + RTS(CVV-D))/3.

The large model full scale resistance curves were normalized by the average full

scale resistance for the large models, and the small model full scale resistance

8



curves were normalized by the average full scale resistance for the small models.

These curves of RTS/RTS (AVE) are shown in Figures 32 and 33 for correlation

allowance CA = 0.0005 and 0.00035 for the small models, and 0.00035 for the large

models. Changing the small model CA value from 0.00035 to 0.0005 changed the

relative resistance performances very little; the maximum change was 1/2 percent.

Since changing the CA value has a small effect on the relative resistance performances,

and a small model CA value of 0.0005 gave the best correlation between the large and

small model full scale resistance predictions, a small model CA value of 0.0005

will be used unless otherwise noted.

The RTS/RTS (AVE) curves for the CVV hull forms based on the Taylor

Standard Series data are presented in Figure 34.

The predicted relative resistance performances of CVV-A, CVV-B, and CVV-D

are shown in Figures 35 to 37, respectively. The large model, small model, and

Taylor Standard Series RTS/RTS (AVE) predictions are plotted together.

Figures 38 to 40 show relative comparisons of the small model full scale

predictions to the large model full scale predictions, presented as RTS (small

model)/RTS (large model), versus Froude number. The model scale data are

extrapolated using the ITTC model-ship correlation line with a large model CA

value of 3.5 x 10- 4. The small model data are extrapolated using both the

Froude and Hughes method of extrapolation. The Hughes method assumes that

CTS = CR + (I+k)CFS + CA,

where CR = CTM - (I+k)CFM.

A series of experiments were performed to obtain some measure of repeatability

in the small model resistance data. The small models were tested at three

9



different speeds, repeating the speeds six times in a random pattern. The speeds

corresponded to Fn - 0.18, 0.24, and 0.28. The results are shown in Table 13,

and are given in terms of maximum difference in the resistance values over the

mean resistance value.

DISCUSSION OF RESULTS

Since the small CVV-B model was evaluated experimentally at both DTNSRDC

and DL/SIT, the resistance results can be compared directly to determine if the

experimental techniques and equipment used with the small models gave reasonable

results. The faired curve of the DL/SIT resistance data, normalized by the

faired RTM data from DTNSRDC is shown in Figure 31. The maximum difference between

the DTNSRDC and the DL/SIT resistance values is 1 percent; therefore, the

DL/SIT results have been repeated very well.

The relative resistance R TS/R TS(AVE) values for the large and small CVV-A models

show excellent correlation: less than 1 1/2 percent difference between the relative

resistance values above a Froude number of 0.16. The relative resistance values for

the large and small CVV-B models have less than 1 percent difference below a Froude

number of 0.24 and above a Froude number cf 0.28; between Fn = 0.24 and 0.28 the

difference increases to 3 percent. The relative resistance values for the large and

small CVV-D models have less than 2 percent difference. Therefore, the relative

resistance performances of the small CVV models compare well to the relative

resistance performances of the large CVV models.

The relative resistances of the CVV hull forms were also predicted using a

Taylor Standard Series approximation. The R TS/R TS(AVE) curves based on the Taylor

Standard Series predictions have no similarity with the large model relative

resistance curves except at the highest speeds. Therefore, for these CVV hull

10



forms, the small models were far more effective in predicting the change in

resistance due to changes in the hull form than the Taylor Standard Series. It

should be noted that the accuracy of the Taylor standard series predictions may

improve with significantly different hull form shapes.

The small model resistance data are extrapolated to full scale and can be

compared with the large model predictions as seen in Figures 38 to 40. The small

model Froude method resistance predictions with the same C Avalue as the large

models, (C A=3.5 x 104 ) are lower than the large model predictions by as much as

9 percent. If the C Avalue used with the small model predictions is increased to

5.0 x 104 to minimize the average difference, then the differences between the

large and small model predictions are within ± 4 percent. The higher C Avalue for

the small models seems reasonable; small models have greater scale effects than

large models. The small model Hughes method resistance predictions need an even

larger C A value, 6.0 x 10-4, to minimize the difference between the large and

small model predictions. The small model resistance predictions are higher than the

large model predictions at lower speeds, and lower at the high speeds.

It should be noted that the small model C Avalue was increased based on the

comparison of the large and small model predictions. With a significantly

different hull form, the small model C Avalue could be quite different relative to

the large model C Avalue. The C Avalues used with the large models were developed

through comparisons of model predictions to ship trial data, accumulated over a

long period of time. Similar efforts would be required for accurate determination

of the appropriate C Avalues to be used in small model resistance extrapolation.

Also, even with an "adjusted" C A value for the small models, the small model

predictions differed from the large model predictions by ±4 percent. It appears

that the method in use at DTNSRDC to predict full scale resistance from large



model data is not appropriate to use with the small CVV model data for the prediction

of full scale resistance. Because of the small sample (only three small models were

tested), no general conclusions may be drawn with respect to the use of small

models for resistance prediction.

The results from the small model repeatability experiments in Table 13 show

that the maximum difference in the resistance values was 3.5 percent. A similar

experiment, performed at DL/SIT witha 1.86 m (6.1 foot) SCS model (Model 5384)

showed a maximum difference in the resistance values of 4 percent. Based on this

comparison, the repeatability obtained at DTNSRDC seems reasonable.

CONCLUSIONS

1. The relative resistance performance of the small CVV models compare well with

that of the large CVV models, and, gives significantly better resolution than

Taylor Standard Series for the CVV hull forms evaluated.

2. For the extrapolation of resistance data to full scale, the small CVV models

needed a larger correlation allowance than the large models for comparable full

scale predictions. The appropriate small model CA value could not be selected

without the availability of large model data. Even with the aid of large model

lata, the small CVV model predictions were only within ±4 percent of the large

model predictions. Thus, using the same method for full scale prediction, the

small model data provides different results than the large model data for the

CVV models reported here. Because of the small sample (three models) general

conclusions can not be drawn.

3. The resistance results with the small CVV--B model repeated the DL/SIT results.

4. The repeatability of the small model data obtained at DTNSRDC was compatible

with that obtained at DL/SIT.

12



RECOMMENDATIONS

1. The proper role of the use of small models in the ship design process should

be explored.

2. The 140 Foot Basin should be updated for small model testing. The improvements

should include the update of both mechanical and electrical/electronic equipment.
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Table 13

REPEATABILITY EXPERIMENTS

Froude Number 0.18 0.24 0.28

Percentage Percentage Percentage
Difference Difference Difference

Model

CVV-A 3.1 2.5 3.0

CVV-B 2.8 3.1 2.2

CVV-D 2.6 3.4 3.5

Percentage difference is the maximum difference in the resistance
values / mean resistance x 100.

Experiments were performed in the 140 Foot Basin at DTNSRDC with
the small models.
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APPENDIX A

SMALL MODEL DATA FROM THE DEEP WATER BASIN

A series of resistance experiments were performed in the Deep Water Basin

with the small CVV models. Because of the small size of the models, the standard

model towing system could not be used. The models were attached to the carriage

through a vertical strut fastened to the top of the block gauge. The block

gauge and a towing bracket were the same as used in the 140 Foot Basin experiments.

There were some problems with the small model resistance data, notably with

CVV-D. Because of time constraints these difficulties were not resolved. Therefore,

the small model CVV-D results from the Deep Water Basin are not presented in

faired data-plots.

Figures Al to A4 show the resistance data for the small CVV-A and CVV-B

models. The data scatter is smaller than the scatter in the data from the 140

Foot Basin experiments because the sampling period is much longer, approximately

45 seconds. The resistance curves are faired using the residuary resistance

coefficient curves (Figures A5 and A6) and the Prohaska plots (Figures A7 and A8).

Figure A9 shows the curves of RTM (Deep Water basin)/RTM (140 Foot Basin)

for the CVV-A and CVV-B small models. Generally, the resistance values of the

small models from the Deep Water Basin are within 1 1/2 percent of the 140 Foot

Basin resistance values.

The unfaired data obtained in the Deep Water Basin for the small models are

listed in Tables Al through A6.
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-SiMALL MODEL CVV-A WITH STUDS __

D)EEP WATER BASIN EXPERIMENTS

1. 4 ---- ITTC MODEL-SHIP

CORRELATION LINE

1.2-- - -

C /C-- --- ---- --- -- - ---------
TM FM

0.8171
0.0 0.5 1.0 Fn4/FM1.5 2.0 2.5

1.6 - --

-SMALL MODEL CVV-A WITHOUT STUDS__
DEEP WATER BASIN EXPERIMENTS

1.4 --- ITTC MODEL-SHIP
CORRELATION LINE

1.2

CTM C F

1.0 ---

0.8 ~ 1____-- - -
0.0 0.5 1.0 Fn4/ M1.5 2.0 2.5

FIGURE A7 -PROHASKA PLOTS FOR THE SMALL CVV-A MODEL FROM THE DEEP~
WATER BASIN EXPERIMENTS
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1.6

SMALL MODEL CVV-B WITH STUDS
DEEP WATER BASIN EXPERI MENTS

1 .4 . . .. .. . .--
ITTC MODEL-SHIP

CORRELATION LINE . " -i

1.2

c T /C _4 -------

TMFM , -I

0.8

0.0 0.5 1.0 1.5 2.0 2.5
F n/CFM

SMALL MODEL CVV-B WITHOUT STUDS

DEEP WATER BASIN EXPERIMENTS - - ----41.

1.4----. . . . . . .
ITTC MODEL-SHIP
CORRELATION LINE - I-- -

1.2

C /C - 1 -
TIM FM

1.0 -- - - -

0.8 .. . . . . . . . . . -.

0.0 0.5 1.0 1.5 2.0 2.5

n/C FM

FIGURE A8- PRO oSKA PLOTS FOR THE SMALL CVV-B MODEL FROM THE DEEP
WATER BASIN EXPERIMENTS
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DTNSRDC ISSUES THREE TYPES OF REPORTS

1. DTNSRDC REPORTS. A FORMAL SERIES, CONTAIN INFORMATION OF PERMANENT TECH-
NICAL VALUE. THEY CARRY A CONSECUTIVE NUMERICAL IDENTIFICATION REGARDLESS OF
THEIR CLASSIFICATION OR THE ORIGINATING DEPARTMENT.

2. DEPARTMENTAL REPORTS, A SEMIFORMAL SERIES, CONTAIN INFORMATION OF A PRELIM-
INARY, TEMPORARY, OR PROPRIETARY NATURE OR OF LIMITED INTEREST OR SIGNIFICANCE.
THEY CARRY A DEPARTMENTAL ALPHANUMERICAL IDENTIFICATION.

3. TECHNICAL MEMORANDA, AN INFORMAL SERIES, CONTAIN TECHNICAL DOCUMENTATION
OF LIMITED USE AND INTEREST. THEY ARE PRIMARILY WORKING PAPERS INTENDED FOR IN-
TERNAL USE. THEY CARRY AN IDENTIFYING NUMBER WHICH INDICATES THEIR TYPE AND THE

NUMERICAL CODE OF THE ORIGINATING DEPARTMENT. ANY DISTRIBUTION OUTSIDE DTNSRDC
MUST BE APPROVED BY THE HEAD OF THE ORIGINATING DEPARTMENT ON A CASE-BY-CASE
BASIS.
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